Absolute double differential cross section spectra of O 2 at scattering angles of 0°, 2°, 4°, 6°, and 8°below 119 eV have been determined by the angle-resolved electron-energy-loss spectrometer at an incident electron energy of 2500 eV. Some features above the first ionization threshold stand out as the momentum transfer square K 2 increases. Based on our experimental results and theoretical analysis, they are assigned to the optically forbidden Rydberg series of 2 u −1 ͑c 4 ⌺ u − ͒np u 3 ⌺ g − ͑n = 2-6͒ and the inner-valence transition of
I. INTRODUCTION
The definition, nature, use, and supposed miraculous capabilities of shape resonance have been discussed intensively for more than one decade ͓1͔. Theoretically, Dehmer and Dill ͓2͔ predicted that f-wave enhancement in the ͑ u for homonuclear diatomic molecules͒ channel would result in the enhancement of the photoionization cross section. Recently, Zhong and Li ͓3͔ calculated the eigenquantum defects ͑ = / , where is the short-range phase shift above threshold͒ of the CO molecule. Their results indicate that different partial waves mix with each other strongly and no partial wave is dominant in each eigenchannel close to the energy position of a shape resonance. Such calculations agree with the ion-electron coincidence measurements of fixed-in-space molecules ͓4,5͔, in which it is indicated that several partial waves, at least l = 1, 2, and 3, give comparable contributions to the shape resonances. Furthermore, based on the calculations of Zhong and Li ͓3͔, 's in the channel evidently oscillate around the energy position of a shape resonance. Such oscillation cannot be observed in the experimental spectrum unless the shape resonance is embedded in a Rydberg series in the channel, i.e., the shape resonance occurs below the threshold. Up to now, this type of oscillation has not been observed.
Molecular oxygen, whose ground state can be written as
may be a good candidate for observing such oscillation, since the O 1s shape resonance occurs below the threshold ͓6͔. However, it is difficult to verify this oscillation in the O K-shell spectrum, because the high n Rydberg structures in the O K-shell spectrum are veiled due to insufficient energy resolution or poor signal-to-noise ratios. Such oscillation cannot be observed either in the optically allowed shape resonances in the energy region of valence excitation which is related to the excitation of a 1 g or 3 g electron. More specifically, the shape resonance related to the excitation of a 1 g electron occurs near the threshold at about 12 eV ͓7͔. However, no experimental data have been reported about np u ← 1 g transitions due to the small intensity and overlapping with many autoionization states. There is only one shape resonance at 22.6 eV above threshold in the photoionization to the 3 g −1 channels instead of two separated multiplet-specific shape resonances, because a significant interchannel coupling effect exists in these channels ͓7͔. It is an interesting question whether such oscillation can be observed in the optically forbidden Rydberg series related to the excitation of a 2 u electron. This question may be answered by angle-resolved electronenergy-loss spectroscopy ͑AREELS͒, which is a powerful tool for investigating the structures of atomic and molecular energy levels including both the optically allowed and optically forbidden transitions. In addition, the recent experimental work on NO ͓8͔ and calculation on CO ͓9͔ elucidate that AREELS is an important method to investigate the structures of superexcited states, i.e., excited states of molecules above the first ionization threshold such as high Rydberg states, doubly or inner-shell excited, non-Rydberg states, etc. ͓10-12͔. Since the momentum transfer dependence behaviors of different superexcited states are different, some superexcited states may stand out at large scattering angles.
In this work, we have measured the electron-energy-loss spectra of O 2 in the scattering angle range of 0°-8°with an interval of 2°, and the absolute optical oscillator strength density ͑OOSD͒ and double differential cross section ͑DDCS͒ have been determined. Some features above the first ionization threshold stand out at large scattering angles. Combining with the present theoretical analysis, these features are assigned. Furthermore, evident oscillation of the eigenquantum defects due to the presence of shape resonance is observed.
II. EXPERIMENTAL AND THEORETICAL METHOD
The angle-resolved electron-energy-loss spectrometer used in this work has been described in detail in Refs. *Corresponding author. Email address: zpzhong@gscas.ac.cn ͓13-15͔. Briefly, it consists of an electron gun, a hemispherical electrostatic monochromator made of aluminium, a rotatable energy analyzer of the same type, an interaction chamber, a number of cylindrical electrostatic lenses, and a onedimension position-sensitive detector for detecting the scattered electrons. All of these components are enclosed in four separate vacuum chambers made of stainless steel. The impact energy of the spectrometer can be varied from 1 to 5 keV. For the present experiment, it was set at 2.5 keV and the energy resolution was about 100 meV. All the spectra were measured at the pressure of 8 ϫ 10 −3 Pa and the background pressure in the vacuum chamber was 5 ϫ 10 −5 Pa. The true zero angle was calibrated by the symmetry of the angular distribution of the E 3 ⌺ u − , Ј =0← X 3 ⌺ g − inelastic scattering signal around the geometry nominal zero. The angular resolution was about 0.8°at present.
The electron-energy-loss spectra of O 2 were measured in the scattering angle range of 0°-8°with an interval of 2°, and calibrated at 9.970 eV according to the transition of
Then, the spectrum measured at a mean scattering angle of 0°was converted into relative OOSD spectrum by multiplying the Bethe-Born conversion factor of the spectrometer ͓13,17͔. The spectra at the other scattering angles were converted into relative generalized oscillator strength density ͑GOSD͒ spectra according to the following Bethe-Born formula ͓18,19͔ within the nonrelativistic Born approximation:
Here, df͑E , K͒ / dE and d 2 / ͑dEd⍀͒ represent GOSD and DDCS, E and K are the excitation energy and momentum transfer while p 0 and p a are the incident and scattered electron momenta, respectively.
These relative GOSD spectra were made absolute by the valence shell Bethe sum rule ͓18,20͔:
where N val is the total number of valence electrons in the target ͑12 for O 2 ͒, N PE is a small correction ͑0.42 for O 2 ͒ for the Pauli-excluded transitions from the K shell to the already occupied valence shell orbitals ͓21,22͔, and EЈ is the lowest excitation energy. In the limit of K → 0, the GOSD is identical to the OOSD which was obtained using the valence Thomas-Reiche-Kuhn ͑VTRK͒ sum rule ͓23͔. In the sumrule normalization procedure, the intensity of the relative OOSD or GOSD obtained at a definite scattering angle was first numerically integrated over a sampling energy-loss range, i.e., up to 81 eV for 0°, 119 eV for 2°, 4°, 6°, and 8°. The remaining intensity of the valence shell higher than the measured energy region for O 2 was estimated by integrating a fitted function aE −1.5 + bE −2.5 + cE −3.5 from the limit energy of the measurements to infinity, where the empirical parameters a, b, and c were obtained by least-squares fitting a smoothly decreasing region, i.e., 50-81 eV for 0°, 50-119 eV for 2°, 60-119 eV for 4°, 80-119 eV for 6°and 8°, respectively. The overall percent error of the OOSD and DDCS obtained in this work is about 20%, which mainly comes from the instability of beam current, the angle determination, the angular correction factor, the statistics of counts, and the least-squares fitting procedure.
The multiscattering self-consistent-field ͑MSSCF or MS-X ␣ ͒ method was employed in this work. Briefly, based on a trial charge density of the molecule, a muffin-tin trial molecular potential V mol with the symmetry of molecular point group was constructed. We can then calculate the occupied molecular orbitals ͑MOs͒, which serve to construct the charge density of the molecule and then a new trial molecular potential. With this process going on, self-consistent iterations were undertaken until a certain precision was met. A self-consistent-field ͑SCF͒ molecular potential V scf mol was obtained and thereafter we can calculate all the MOs, including nondiffusive molecular orbitals ͑NMOs͒, Rydberg molecular orbitals ͑RMOs͒, and adjacent continuum molecular orbitals ͑CMOs͒, respectively. In our calculations, all the RMOs and CMOs were treated in a unified manner in the framework of quantum defect theory ͑QDT͒ ͓24-28͔. With the calculated wave functions, the GOSD can be calculated as follows ͓18͔:
Here, ⌿ 0 and ⌿ n are the electronic wave functions of the initial and the final states, respectively, N is the anticipated number of electrons in the target particle, E n is the excitation energy, and r j is the position of the jth electron.
III. RESULTS AND DISCUSSION
The present absolute OOSD is shown in Fig. 1 together with the one determined by the same method as ours but with a higher impact energy of 8 keV and a lower energy resolution of 1 eV ͓23͔. Clearly, the spectra are in good agreement with each other above 22 eV. The expanded spectra below 22 eV are shown in the inset graph in Fig. 1 . The discrepancy can be attributed to the different energy resolution.
In Fig. 2 , we present the absolute DDCS spectra below 120 eV at scattering angles of 0°, 2°, 4°, 6°, and 8°. It can be seen clearly that the energy position of the very broad features observed at 6°and 8°, i.e., the Bethe ridge, moves to higher energy loss and becomes more diffuse with the increase of K 2 . Such phenomena have also been observed in other molecules such as NO ͓8͔, H 2 O ͓29͔, and SF 6 ͓30͔. Furthermore, some features marked as A and B stand out as K 2 increases. These features will be discussed in detail in the order of excitation energy.
The spectra of O 2 in the energy region of 12-25 eV are shown in Fig. 3 with the experimental ionization thresholds ͓31,32͔ for valence-hole states. The assignments in Fig. 3͑a͒ are cited from Refs. ͓33-37͔ except that the energy positions of the vibrational levels of 1 u −1 ͑A 2 ⌸ u ͒4s g are calculated using the molecular constants of 1 u −1 ͑A 2 ⌸ u ͒3s g ͓36͔ since they belong to the same Rydberg series. The feature marked as A in Fig. 2 They may be a vibrational progression of an electronic state. Such electronic state should not correspond to the excitation of a bonding orbital electron ͑e.g., 1 u or 3 g ͒ since vibrational energy intervals related to the excitation of a bonding orbital electron are much smaller than 0.2 eV. Therefore this electronic state may be related to the excitation of an antibonding orbital electron 2 u . Similarly, the energy interval between A 1 and A 1 Ј is almost equal to 0.2 eV. They may be a vibrational progression of an electronic state, and this electronic state may also be related to the excitation of an antibonding orbital electron 2 u . It is the same situation for A 2 and A 2 Ј. As shown in Table I , the quantum defects of A 0 , A 1 , A 2 , A 3 , and A 4 are almost constant except that of A 3 when the ionization threshold is taken as that of 2 u −1 ͑c 4 ⌺ u − ͒ ͑24.564 eV͒ ͓31͔. Meanwhile, the intensity behavior among A 1 , A 2 , A 3 , and A 4 , which decreases as excitation energy increases, is similar to the behavior of a Rydberg series. Therefore we assign features A 0 , A 1 , A 2 , A 3 , and A 4 to the Rydberg series of 2 u −1 ͑c 4 ⌺ u − ͒np u 3 ⌺ g − , Ј =0 ͑n = 2-6, 2p u corresponds to the unoccupied orbital 3 u ͒, and A 0 , A 1 , and A 2 have several vibrational components as shown in Figs. 3͑b͒ and 3͑c͒ . Now, we discuss the reason why the quantum defect of A 3 evidently deviates from those of A 0 , A 1 , A 2 , and A 4 . Figure 4 shows our calculated quantum defects in the u channel with the present experimental ones of A 1 , A 2 , A 3 , and A 4 . Clearly, the present experimental quantum defects are close to the calculated ones in the p u channel. Moreover, the wellknown u resonance is also demonstrated in our calculations, i.e., there is a rapid increase of the eigenquantum defect by 1 near threshold in the f u channel. Our calculations show that the presence of this shape resonance results in the oscillation of quantum defects in the p u channel. Therefore it is understandable that the quantum defect of A 3 evidently deviates from those of A 0 , A 1 , A 2 , and A 4 . The different energy positions of such oscillation between experimental and calculated data may be due to the neglecting of electronic correlation ͑i.e., channel interactions͒ in the present calculations. In addition, comparing with only the vЈ = 0 and 1 levels supported by the optically allowed Rydberg series converging to c
consists of
u shows unusual vibrational structures, i.e., more than two vibrational levels. Such phenomenon is similar to that in the K-shell spectrum of O 2 , which is due to the fact that the 3p ← 1s Rydberg excited state is strongly perturbed by the repulsive state of 2p u ← 1s ͓38͔. Therefore it is suggested that the strong interaction between 3p u ← 2 u Rydberg excited state and 2p u ← 2 u valence state results in the unusual vibrational structures of 2 u −1 ͑c 4 ⌺ u − ͒2p u . Dillon and Spence ͓39͔ have also observed the same optically forbidden Rydberg series 2 u −1 ͑c Table I . Note that there are evident discrepancies for 2 u −1 ͑c 4 ⌺ u − ͒3p u and 2 u −1 ͑c 4 ⌺ u − ͒5p u between ours and that of Dillon and Spence ͓39͔. The present count for each energy point in the energy region covering 2 u −1 ͑c 4 ⌺ u − ͒np u ͑n = 3-6͒ Rydberg series is more than 2.5ϫ 10 4 and the measured energy interval is 0.01 eV. Therefore the discrepancy cannot be attributed to statistic errors. After digitizing the spectrum shown as Fig. 3 in Ref. ͓39͔, the energy positions of 2 u −1 ͑c 4 ⌺ u − ͒np u ͑n = 3-6͒ were obtained as shown in Table I . It is found that the digitized results agree well with ours. Therefore our energy positions of 2 u −1 ͑c 4 ⌺ u − ͒np u ͑n = 2-6͒ are recommended.
As shown in Fig. 5 , a broad feature around 28.8 eV marked as B in Fig. 2 is not clearly observed until the scattering angle reaches 6°͑K 2 ϳ 2 a.u.͒. This feature has also been observed by Ref. ͓40͔ for K 2 Ͼ 2.0 a.u. and its intensity decreases for K 2 Ͼ 6.6 a.u. Reference ͓40͔ suggested that this feature was the transition
In order to elucidate the experimental observations, we calculated the excitation energy and GOS curve versus K 2 of 1 g ←2 g based on the MSSCF method. The calculated excitation energy is 27.99 eV, which is close to the experimental one, 28.8 eV. It can be seen from the calculated GOSs in Fig. 6 that there is only one maximum in the K 2 region of 0.84-3.64 a.u., i.e., in the scattering angle region of 4°-8°, which agrees with our observation as shown in Fig. 5 . Therefore based on our calculations and experiment we assign it to the transition of
IV. CONCLUSION
The electron-energy-loss spectra of O 2 have been measured at scattering angles of 0°, 2°, 4°, 6°, and 8°below 119 eV. Then the absolute OOSD spectrum and the absolute DDCS spectra have been determined. Some interesting features above the first ionization threshold become prominent as K 2 increases. Based on present experimental observations and theoretical calculations, features A 0 , A 1 , A 2 , A 3 , and A 4 are assigned to optically forbidden Rydberg series 2 u −1 ͑c 4 ⌺ u − ͒np u 3 ⌺ g − , Ј =0͑n = 2-6͒. Meanwhile, the fea- In addition, the present experimental quantum defects of A 0 , A 1 , A 2 , A 3 , and A 4 exhibit an oscillation, which is well explained by our calculations that a shape resonance in the f u channel occurs near threshold ͓3͔. A feature around 28.8 eV is assigned to the transition of ͑2 g ͒ −1 ͑1 g ͒ 3 3 ⌸ g ← X 3 ⌺ g − .
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